The thermomechanically treated Ti-47%Al-1%Mn alloy was oxidized in air at 1073, 1173, and 1273 K. When compared to Ti-47%Al, the oxidation resistance of Ti-47%Al-1%Mn was better at 1073 K, slightly better at 1173 K, but poorer at 1273 K. The scale adherence was improved by the addition of Mn to a certain degree. The oxidation products were TiO 2 and α-Al 2 O 3 , together with a very small amount of MnTiO 3 , Mn 2 O 3 , TiN and Ti 2 AlN. Within the (TiO 2 , Al 2 O 3 ) oxide grains, some dissolution of Mn was noticed. The oxidation progressed via the outward diffusion of Ti ions to form the outer TiO 2 layer, and the inward transport of oxygen to form the inner (TiO 2 + Al 2 O 3 ) mixed layer, between which an intermediate Al 2 O 3 layer existed. Subsurface zone within the metal phase was depleted in Al.
Introduction
The two phase (γ -TiAl + α 2 -Ti 3 Al) alloys based on Ti-(45-48%)Al have attracted a strong interest for high temperature structural applications, because of high specific strength. But, the applications have been limited due to the poor ductility at room temperature and low strength at high temperature. Hence, a small amount of Mn is commonly added to increase the ductility of the near γ -TiAl alloys, together with thermomechanical treatment. 1) The relatively poor oxidation resistance at high temperatures is however a major concern. The oxidation tests on arc-melted Ti-(47.3-49.0%)Al-(1.0-3.35%)Mn in temperature range 1173-1223 K indicated that Mn, which oxidized to MnTiO 3 , was detrimental to oxidation resistance. [2] [3] [4] Mn was segregated above the outer TiO 2 layer, 2) at the lower part of the inner oxide layer as well as the outermost layer, 3) or at the inner oxide layer. 4) In this paper, a more detail study utilizing such as the Pt marker testing and TEM was undertaken on the thermomechanically treated Ti47%Al1%Mn alloy to investigate the Mn effect, the oxidation kinetics and mechanism. It may be noted that the microstructure as well as alloy chemistry can influence not only mechanical but also oxidation properties.
Experimental Procedure
The ingot of Ti47Al1Mn (Ti-46.79Al-1.18Mn-0.11O-0.02C-0.01N-0.02H, in at%) was prepared by vacuum arc melting to a bar size of 260 φmm × 150 mm. The bar ingot was heat treated under vacuum at 1473 K for 86.4 ks, hot isostatically pressed at 1473 K for 7.2 ks under 182 MPa of argon atmosphere, and forged isothermally at 1473 K to 20 mm in thickness with a strain rate of 5 × 10 −4 s −1 . Using the same process, reference alloys of Ti47Al (Ti-47.12Al-0.11O-0.02C-0.01N-0.02H), Ti51Al (Ti-50.56Al-0.1O-0.02C-0.01N-0.01H), and Ti47Al4Cr (Ti-47.32Al-3.57Cr-0.08O-0.02C-0.01N-0.01H) were prepared. Also, a reference alloy of Ti48Al2Cr2Nb (Ti-48.11Al-2.02Cr-2.0Nb-0.15O-0.03C-0.01N-0.03H) that was induction skull melted, hot extruded with a ratio of 7.2 to 16 φmm at 1493 K was prepared. All the above five alloys similarly had a duplex structure consisting of γ -grains and lamellar colonies of alternating layers of γ and α 2 platelets. After cutting into sizes of 10 × 5 × 5 mm 3 , the alloys were ground to 1000 grit finish, ultrasonically cleaned in acetone and methanol, and oxidized isothermally and cyclically in atmospheric air.
Isothermal oxidation tests were performed at 1073, 1173, and 1273 K. The mass changes were continuously monitored as a function of time using a thermogravimetric analyzer (TGA). Duplicate runs were carried out to check the reproducibility of data. Cyclic oxidation tests were performed at 1073, and 1173 K using a horizontal tube furnace. The test cycles involved exposing the specimens for 3.6 ks, cooling quickly to room temperature, measuring mass changes, and returning them to the furnace. The heating and cooling rate was 350 and 150 K/min, respectively. The specimens during cyclic oxidation were given a total exposure of 216 ks (60 cycles).
The oxidized specimens were investigated by the use of scanning electron microscope (SEM), electron probe microanalyzer (EPMA), X-ray diffractometer (XRD), and high resolution transmission electron microscope equipped with an energy dispersive spectrometer (HR-TEM/EDS). The TEM specimens were glued onto a thin Si dummy plate using epoxy to preserve the oxide scale, mechanically polished, and ion milled to perforation. Figure 1 shows the isothermal oxidation kinetics of the prepared alloys. Generally, oxidation rates increased with increase in temperature. Ti51Al always had better oxidation resistance than Ti47Al, owing to the easiness of formation of the Al 2 O 3 barrier layer. Ti47Al4Cr displayed a slow transient oxidation during the initial 70 ks of exposure, followed by the fastest oxidation rate at 1073 K. This alloy oxidized significantly faster than the other alloys at 1173 K, confirming that additions of Cr in less than 8% were detrimental to oxidation resistance. loys were very small, and the best oxidation resistance was obtained from Ti47Al1Mn. This alloy oxidized moderately at 1173 K, but oxidized significantly at 1273 K, displaying little protectiveness of oxide scales formed. The Mn addition was not always harmful at all test temperatures, when comparing the oxidation curves of Ti47Al1Mn with Ti47Al. The mass change of Ti47Al1Mn was much more sensitive to the temperature when compared to Ti48Al2Cr2Nb which displayed the best oxidation resistance at 1273 K. The cyclic oxidation kinetics of the prepared alloys are displayed in Fig. 2 . Each data point indicates one thermal cycle. The mass changes are the sum of mass gain due to scaling and mass loss due to spallation. Apparently, Ti47Al4Cr at 1073 K and Ti47Al at 1173 K had the worst cyclic oxidation resistance. Ti47Al4Cr formed thick scales, and the rate of scaling dominated that of spallation at test temperatures. 6) Ti48Al2Cr2Nb showed the best cyclic oxidation resistance at both temperatures with small mass fluctuations, because Nb deterred the formation of TiO 2 and favored the Al 2 O 3 -formation, resulting in decreased scale growth rates and improved the scale adherence. 6) From the comparison of Ti47Al and Ti47Al1Mn, it is seen that Mn improves the scale adherence, which was confirmed from visual inspection during tests. The oxides that formed on Ti47Al1Mn were identified as TiO 2 as the major phase, and Al 2 O 3 as the minor one under both isothermal and cyclical oxidation conditions by XRD. The oxides of Mn, i.e., MnTiO 3 2-4) and Mn 2 O 3 , 6) were vaguely detected. Besides, weak diffraction patterns of TiN and Ti 2 AlN, which were known to exist at the scale-matrix interface, 7) were frequently detected. Figure 3(a) shows a SEM morphological feature of the surface oxide formed after isothermal oxidation at 1273 K for 108 ks. Initially formed, round crystallites grew to pillar-like TiO 2 crystals, as oxidation progressed. The growth of TiO 2 in random direction might result in void or pore formation at the grain boundaries and, thereby, cause crack initiation or spal- lation of oxide scale from the base alloy. 8) Partial sintering of tiny crystallite as globules was seen. The EDS analysis shown in Fig. 3(b) indicated that Mn was present at the external surface. The Mn content at the surface increased as the extent of reaction progressed, implying that Mn diffused outwardly during oxidation.
Results and Discussion
2) Figure 4 shows a cross-sectional EPMA image of the oxide scale and elemental distributions. The stratified scale that formed on Ti47Al1Mn after isothermal oxidation at 1073 K for 432 ks consisted primarily of a surface layer of semiprotective TiO 2 , followed by a thin but continuous Al 2 O 3 barrier layer and then a mixed layer of TiO 2 + Al 2 O 3 , with little voids or pores. Mn was segregated at the outermost oxide layer.
2) Nitrogen from the atmosphere appeared to be enriched at the scale-matrix interface in the form of TiN or Ti 2 AlN. The formation of nitrides, which later oxidize to TiO 2 , prevents the establishment of a continuous Al 2 O 3 layer on γ -TiAl.
9) The oxide next to the metal phase adhered relatively well to the substrate. Subsurface zone within the metal phase was slightly oxygen-affected. Figure 5 shows the cross sectional SEM image and corresponding EDS elemental concentration profiles of the oxide scale formed after oxidation at 1273 K for 54 ks. Thick, fragile oxide scales formed. The outer TiO 2 layer had micropores. The intermediate Al 2 O 3 layer was not distinct, but intermixed with TiO 2 . Inspection at a higher magnification indicated that the intermixed (TiO 2 + Al 2 O 3 ) layer had fine, numerous micropores. Unlike Fig. 4(b) , Mn was distributed randomly in the oxide layer. Though Mn tended to segregate at the outermost oxide layer, 2) it frequently existed as discrete islands scattered over the whole oxide layer. 3, 4) The fine Pt markers initially placed on the alloy surface prior to oxidation were seen to be embedded around the intermediate Al 2 O 3 layer. This suggests that the outer TiO 2 layer grew predominantly by outward diffusion of interstitial Ti ions, and the inner (TiO 2 + Al 2 O 3 ) layer by inward oxygen diffusion via oxygen ion vacancies. The outward cation diffusion left behind some micropores in the oxide scale. 10) Figure 6 shows the TEM image of the oxide scale formed after oxidation at 1173 K for 108 ks. The EDS spot analyses employing a focal size of 3 nm enabled the composition of specific oxide grains to be determined. It was found that the outer, several micrometer-size TiO 2 grains, the intermediate, rather elongated Al 2 O 3 grains, and the inner, submicrometersize (TiO 2 + Al 2 O 3 ) mixed grains had dissolved Mn ions, the concentration of which was about 0.33, 0.16, and 0.88%, respectively. The dissolution of Mn 2+ or Mn 3+ having lower valencies than Ti 4+ would increase the growth rate of TiO 2 by increasing the concentration of interstitial Ti ions and oxygen vacancy to maintain electroneutrality.
3) On the other hand, the concentrations of defects formed by electronic or ionic disorder in α-Al 2 O 3 are extremely small due to the large band gap combined with the high lattice energy.
11) At high temperatures, point defects become mobile as observable in diffusion. Mn doped in α-Al 2 O 3 may constitute additional energy levels localized in the forbidden energy band, and can increase the defect mobility in α-Al 2 O 3 to promote the formation of Al 2 O 3 . In Fig. 1 , it was shown that Mn increased the oxidation resistance at 1073 K, whereas that decreased the oxida- tion resistance at 1273 K. This may be partly originated from the two competing effects of Mn which harmfully promotes the TiO 2 growth and beneficially promotes the Al 2 O 3 growth via dissolution. Figure 7 shows the TEM/EDS analytical results obtained around the oxide-matrix interface. The concentration profiles of Ti, Al, O, and Mn were obtained from EDS spot analyses. It is seen that spots 1-11 correspond to the inner (TiO 2 + Al 2 O 3 ) mixed layer, spots 12-16 correspond to the Ti-enriched, Al-depleted layer having dissolved oxygen, and spots 17-20 correspond to the oxygen-affected metal phase which still shows Ti-enrichment and the resultant Aldepletion. Mn, whose concentration was about 0.16-1.37%, was rather uniformly distributed over the viewing area. It is noted that discrete nitrides can exist at the scale-matrix interface.
12) The scale that corresponded to spots 1-11 formed alternate channels of TiO 2 + Al 2 O 3 in parallel with the direction of inwardly transporting oxygen ions.
10) The Tienriched, Al-depleted layer that formed owing to the preferential Al-consumption in the oxide scale was also progressively changed to channels. 
Conclusion
From isothermal and cyclic oxidation tests on the thermomechanically treated Ti-47%Al-1%M alloy at 1073, 1173, and 1273 K in air, the following observations were made. The Mn addition was beneficial at 1073 K, but harmful at 1273 K to the isothermal oxidation resistance. The oxidation rate was sensitive to test temperatures. Though scale adherence was not good, Mn still improved scale adherence to a certain extent. Though some of Mn oxidized to MnTiO 3 or Mn 2 O 3 , the other Mn existed as dissolved ions in TiO 2 and Al 2 O 3 oxide scales, which would affect the oxide growth rate via the doping effect. The outer, coarse TiO 2 -rich layer was formed by the outward diffusion of Ti ions, whereas the inner, fine (TiO 2 + Al 2 O 3 ) mixed layer by the inward transport of oxygen. The metal phase next to the oxide was enriched in Ti, but depleted in Al, with some dissolved oxygen and Mn.
